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6. FUTURE DIRECTIONS
6.1 Data Mapping
In order to extract more artistic value from the experimen-
tal tracking data discussed in this paper, future work on
data mapping is proposed. The data-mapping scheme out-
lined in Section 5 is one among many possible methods.
In addition to pitch, the calculated displacements 12 may
be mapped to other audible variables, such as timbre and
amplitude panning. In two-dimensional vector base am-
plitude panning (VBAP) [12], the gain factors gi of indi-
vidual loudspeakers in a circular array could fluctuate in
accordance with a particle’s position inside a trapping re-
gion, as depicted in Fig. 5. Assigning different values to
the sampling rate 13 and the mapping areas AE and AB
may also be explored. Additionally, other optical trapping
setups, aside from standing-wave traps, could be devised.
Maximizing the complexity of these trapping configura-
tions would be particularly desirable since a more intricate
setup would lend more options for mapping the data.
18
Figure 5. Two-dimensional VBAP. A listener (white circle) perceives
higher gain factors gi (darker shading) from loudspeakers located closer
to a particle’s mapped position (“18”). Note: the trapping region (dashed
border) was scaled to match the size of the circular loudspeaker array.
6.2 Computational Modeling
Given values for each of the physical variables in Eq. (8), a
computer program can be written to generate a continuous
stream of Brownian position data for real-time sonification
and manipulation. In a model based on the equation of
motion of an optically-ordered Brownian particle, the com-
poser would adjust the parameters of the “Brownian” audio
effect by altering the physical parameters of the particle,
the Brownian trap, or the background fluid environment.
Increasing the transverse irradiance gradient ∇⊥I(r, h) of
the laser, for example, would make the particle more likely
to reside in the centermost sub-region and less likely to
escape the trap. Such a change would increase the sta-
bility of the lowest-frequency note and reduce the likeli-
hood of higher-pitched, stochastic sequences. Increasing
the fluid viscosity γ, moreover, would slow the particle’s
average velocity, effectively increasing the duration over
which notes were played. Data-mapping algorithms could
also be incorporated into the model to manipulate the sam-
pling rate and mapping areas in real time.
12 Apart from displacement, other physical observables, such as average
velocity, may be computed from the tracking data and then sonified.
13 Although the sonification would no longer accurately reflect the
physical scenario observed in the laboratory, changing the sampling rate
to mismatch the imaging rate may be of artistic interest.
7. CONCLUSION
Data sonifications based on optically-ordered Brownian
motion benefit from the fact that the data range can be
controlled and the data size and dimensions can be maxi-
mized. In this study, a standing-wave optical trap was used
to restrict the randommotion of diffusing Brownian micro-
spheres to an ordered stack of two-dimensional trapping
planes. It was shown that the arrangement of the particles
in the lattice provided an attractive framework for produc-
ing diverse and manageable sonification data. Lastly, a dis-
cussion of potential avenues for research in data mapping
and computational modeling was included in order to pro-
pel the ideas outlined in the paper.
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ABSTRACT 
The theoretical basis for the installation Oscilloscope is 
discussed in this paper along with a description of the 
applications of these ideas in the practical implementa-
tion of the work. It is argued that, despite the different 
idioms these practitioners work in, there are conceptual 
commonalities in the generative music of Brian Eno and 
the musical ecosystems of Agostino Di Scipio. Both these 
artists’ work is influenced by principles of cybernetics, in 
particular the notion of emergence where the composer’s 
role is not on designing outcomes but on designing sys-
tems whose component interactions produce desirable 
outcomes. A synthesis of these ideas are also applied in 
the design of Oscilloscope, demonstrating how a system 
that is relatively simple technologically and with fairly 
trivial sonic and visual material can be tuned to produce 
interactions that generate complex results that provide a 
rich, engaging experience for the viewer. In addition, this 
discussion critiques the notion of interactivity in electron-
ic music. 
1. INTRODUCTION AND SYSTEM DE-
SIGN 
An installation, by necessity, establishes a relation to its 
setting which, either through reinforcement or contrast, 
reveals conditions or characteristics of the environment 
and indeed of the artwork itself. It can therefore be said 
that installations, to some degree, interact with their envi-
ronmental setting. Where installations contain dynamic, 
non-corporeal phenomena, such as sound and video, 
deeper forms of interactivity are afforded. 
Oscilloscope is an installation featuring sound and com-
puter animations generated in real time in response to 
image data of the installation’s environment captured 
from a camera. This work was developed for the launch 
night of the city of Coventry’s UK City of Culture Bid 
2021 and was first presented at Warwick Business School 
in the Shard in London in June 2015. The original anima-
tion was made in Apple’s Quartz Composer software, 
which reads image data from an attached camera and 
from which individual pixel data is used to stimulate the 
movement of the graphics as well as controlling the play-
back of audio loops in Ableton Live on a second comput-
er. Subsequently, however, the generation of the graphics 
has been changed so that it is now performed in Pro-
cessing 3. Inter-application communication is achieved 
using Open Sound Control. The system design is shown 
in figure 1. 
This work, and in particular the interactive sound tex-
ture, draws influence from composers who have utilised 
principles of cybernetics, systems theory and complexity 
theory in their compositions, notably Brian Eno and Ago-
stino Di Scipio. The work seeks to combine ideas utilised 
in Eno’s generative music systems with Di Scipio’s mu-
sical eco-systemic design. The ease with which these two 
technologically differing systems may be integrated is a 
testament to the shared cybernetic ontology that under-
pins the work of both composers. The focus of emphasis 
in the creation of this musical work is the cybernetic pro-
cess, which significantly differs from usual approaches to 
computer music making. 
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Figure 1. System design for Oscilloscope.1 
Computer 1 reads in image data from a USB 
webcam and reads pixel values using Apple’s 
Quartz Composer software. Within Quartz 
Composer, these data increments the phase of 
sinusoidal functions, the outputs of which are 
sent via OSC to Processing 3, which gener-
ates the visuals to be projected. At the same 
time, when the outputs of these functions 
reach threshold values, trigger messages are 
sent via OSC to the second computer running 
Ableton Live to play or stop looped tracks. 
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2. CYBERNETICS AND ENVIRONMEN-
TAL INTERACTION 
Cybernetics is the science and study of systems and in 
particular how information flows between man, machine 
and environment in a matrix of feedback loops that may 
form emergent behaviours. While both composers have 
explicitly cited cybernetics as an influence on their work 
(Eno in [1], Di Scipio in [3]). They have also made ex-
plicit other composers who have utilised cybernetic tech-
niques that have influenced their compositional process. 
Of particular interest to this paper, both composers build 
on compositional ideas espoused by Xenakis (Eno in [1], 
Di Scipio in [2] and [3]). 
In 1963 Xenakis attempted to ‘generalize the study of 
musical composition with the aid of stochastics’ [4]. To 
this end he utilized the methodology found in W. Ross 
Ashby’s 1956 book, Introduction to Cybernetics [5]. 
From this extrapolation of Ashby’s work Xenakis further 
postulated that ‘second order sonorities’ would emerge 
from the interactions of sonic grains: the idea that the 
interactions of grains over time in the compositional pro-
cess, at a ‘micro level’, would form timbres and composi-
tional gestures at the ‘macro level’ (i.e. the grains, when 
combined in a certain way, would exhibit emergent be-
haviours). Xenakis first implemented his granular com-
positional technique in Analogique A (1958) for string 
ensemble and Analogique B (1958–59) for tape. Although 
both Eno and Di Scipio have criticised Xenakis’ approach 
(Eno in [1], Di Scipio in [2]), the idea that emergent (mu-
sical) behaviour can arise from composed interactions 
underpins both composers’ working methods. 
At root both Eno and Di Scipio share the desire to cre-
ate autonomous musical systems that are modelled on the 
way in which living systems generate complexity and that 
are also able to display emergent behaviour. Both com-
posers reject the linear design ontology of the majority of 
interactive computer music systems in favour of ecosys-
temic systems design; a constructivist ethos in which the 
design of interactions of a system’s components, prior to 
performance, takes precedence over a macro musical de-
sign, shaped by a composer in realtime during a perfor-
mance. Di Scipio notes that, ‘[t]his is a substantial move 
from interactive music composing to composing musical 
interactions, and perhaps more precisely it should be de-
scribed as a shift from creating wanted sounds via inter-
active means, towards creating wanted interactions hav-
ing audible traces. In the latter case, one designs, imple-
ments and maintains a network of connected components 
whose emergent behaviour in sound one calls music’ [3]. 
Eno first encountered cybernetics as an art student in 
Ipswich in the early 1960’s under the tutelage of the 
telematic artist and cybernetics enthusiast Roy Ascott. 
Eno later read the cybernetician Stafford Beer’s book 
Brain of the Firm (1972), from which he has extensively 
quoted and used as a justification for his compositional 
approach [6].  Eno States that: ‘the phrase that probably 
crystallised it most  [Eno’s cybernetic approach to mu-
sic]…says “instead of specifying in full detail; you speci-
fy it only somewhat, you then ride on the dynamics of the 
system in the direction you want it to go”. That really 
became my idea of working method’ [1]. Thus we may 
see a preoccupation with systemic deign in composition; 
one which is reliant on the setting of some initial parame-
ters but equally relies on a medium which provides dy-
namic interaction. Pickering notes that, ‘such systems can 
thematize for us and stage an ontology of becoming, 
which is what Eno’s notion of riding the systems dynam-
ics implies’ [6].  Eno observes that this type of system 
generates ‘a huge amount of material and experience 
from a very simple starting point’ [7], further emphasis-
ing the cybernetic tropes of becoming and emergence. 
Eno’s generative music systems have been realised by a 
number of different technological means, including the 
VCS3 synthesiser, analogue tape manipulation and the 
KOAN generative music software. The method emulated 
in this composition takes inspiration from Eno’s tape 
based composition 1/2, from the album Music for Air-
ports (1978). The design of 1/2 consists of individual 
vocal sounds (wordless “aaahhs” in the key of F Minor) 
recorded onto separate lengths of tape between fifty and 
seventy feet long [8]. To facilitate these long loops, the 
tape was spooled around metallic studio chair legs. Eno 
then recorded these non-contiguous loops back onto the 
multitrack tape: ‘I just set all these loops running and let 
them configure in whichever way they wanted to.’ [9] 
The complexity of the piece arises from the five-second 
vocal recordings, recorded on to tape loops of differing 
lengths, at times coalescing to form chords and shifting 
melodies and at other times leaving silence or only indi-
vidual notes. The aesthetic effect is of a rather sparse 
angelic choir but producing a texture that is pre-
determined but not predictable. There is no meter or pulse 
but the notes appear to interact in a knowing and predes-
tined way; the structure seems designed but at the same 
time beguiling. 
The aesthetic effect of this piece demonstrates Eno’s 
preoccupation with what Nyman called the ‘cult of the 
beautiful’ [10], but it also sees him engaging in the ‘new 
determinacy’ [10] techniques employed by his contempo-
rary, English experimental composers, such as Gavin 
Bryars and Cornelius Cardew. However, Eno’s version of 
the new determinacy is a strictly technological one, in 
which the timing and tone of the piece is mitigated by 
technological means. This is also a probabilistic process, 
but specifically designed to produce a class of goals. It is 
also noteworthy that the environment is active in the 
technological process. This is seen in the long tape loops, 
which are passed out from the tape recorder and spooled 
around objects such as metallic microphone stands and 
chair legs, the friction of which will alter the timing of 
each loop in a slightly unpredictable way. 
Di Scipio’s design ethos is one that encompasses the 
environment in the man/machine interaction, and thus 
embraces a tenet that is central to the cybernetic ontolo-
gy. In fact he makes his cybernetic approach explicit 
when discussing interactive computer music: ‘I try to 
answer (the question of interactivity) by adopting a sys-
tem-theory view, more precisely a radical constructivistic 
view (von Glasersfeld 1999, Riegler 2000) as found in 
the cybernetics of living systems (Maturana and Varela 
1980) as well as social systems and ecosystems (Morin 
1977)’ [3] With this paradigm in mind, Di Scipio ap-
proaches the question of interactivity from an ecological 
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viewpoint: ‘The very process of interaction is today rare-
ly understood and implemented for what it seems to be in 
living organisms (either human or not, e.g. animal or so-
cial), namely as a by-product of lower level interdepend-
encies among system components. In a different ap-
proach, a principal aim would be to create a dynamical 
system exhibiting an adaptive behaviour to the surround-
ing external conditions, and capable to interfere with the 
external conditions themselves [sic]’ [3]. 
He further states that the system should be capable of 
being a ‘self observing system’ (independent from an 
agent/performer), one that is capable of tracking what 
happens both externally and internally and making ad-
justments accordingly. He sights Gordon Mumma’s 
Hornpipe (1967) as a pioneering example of such a sys-
tem [3]. Here, interaction is no longer agent acts, com-
puter re-acts, as in the linear model; instead it becomes a 
fundamental structural element from which a system may 
emerge. The flow of energy in the system is no longer 
one way (i.e. from the composer in real time); energy 
may be derived from the environment and a composition 
may be self-sustaining, with little real-time input from a 
composer/performer. It becomes obvious that in such a 
system the design of the interactions between all the 
components are fundamental to the construction of the 
composition; without a considered, eco-systemic design, 
interactions will simply not occur. He states, ‘I think that 
these interrelationships (between elements of a system) 
may, instead, be the object of design, and hence worked 
out creatively as a substantial part of the compositional 
process’ [3].  
Di Scipio is keen to assert that the vast majority of in-
teractive computer music conforms to the afore-
mentioned linear model and as such the eco-systemic, 
cybernetic approach reflects a “paradigm shift” in com-
positional approach [3]. 
3. SYSTEM IMPLEMENTATION  
The emulation of Eno’s tape-based system is achieved 
using the Ableton Live software. Loops of tape are sub-
stituted with non-contiguous loops of audio samples, 
which, when played simultaneously, never repeat the 
same sequence twice. Thus a complex, laminar and 
ephemeral compositional emerges. The sound materials 
that make up these loops reflect the aesthetics of the visu-
als. It must be stressed that in terms of this paper the re-
sultant musical structures, while they may be considered 
aesthetically pleasing, are of secondary importance to the 
generative process through which they were constructed 
and how these are resultant of, and interact with, the envi-
ronment and the visual material.  
The shifting geometrical shapes in the visual material 
are made from two “rings”, each constructed out of a 
triangle strip, joined together end to end. Figure 2 shows 
how the structure of one ring is made up with the shading 
removed and the lines of each triangle made visible. Al-
ternate vertices of each ring’s triangle strip define a 
closed loop and so the whole shape can be described by 
three loops, two at either end and a loop common to both 
rings at the shape’s centre where the rings join. The 
shape, as seen in the animation, is shown in figure 3. 
A closed loop such as a circle or ellipse is defined by a 
two-dimensional sinusoidal equation. Therefore, the ani-
mation of each of the loops can be achieved through 
modulation of the amplitudes and frequencies of their 
sinusoidal components. In figure 2 it can be seen that 
these equations determine the location of vertices in the y 
and z planes, but in addition a third sine wave component 
is used to vary the x positions of the vertices and thus 
modulate the “width” of the ring. In this work, these am-
plitudes and frequencies are themselves modulated by 
sine waves of fixed amplitudes but whose phase is incre-
mented by pixel values from the image data obtained 
from the camera. Through this process, arbitrary motions 
can be created in response to the environment but within 
limits set by the creators of the work. 
Complex motions can therefore be achieved with fairly 
simple mathematical processes similar to AM and FM 
synthesis processes familiar to the computer sound de-
signer. Thus, although the basic shape is very simple, the 
layers of modulation processes on the shapes structure 
create complex bio-mimetic movement giving the visual 
effect of a highly-abstracted sea creature. However, the 
point of interest here is that this bio-mimesis arose, not 
from a ‘top-down’ design that seeks to emulate the totali-
ty of complex movements, but from the set up of multiple 
modulations whose unpredictable interactions generate 
patterns that can be seen as an emulation of the motion of 
a living organism. As a result of this mimesis, sound 
samples that have a direct correlation to water are used 
which reflect the emergent properties of the animation. 
Further generative interactions were designed and in-
spired by Di Scipio’s compositional method. Di Scipio’s 
design ethos has been adhered to in the creation of this 
piece via the interactions between the environmental in-
put of the camera source and the musical and visual soft-
ware. A grid of twelve discrete point sources is derived 
from the incoming image produced by the camera and 
changes in light intensity of these sources indirectly trig-
ger individual sample loops to play or stop. Intensity val-
ues increment the phase of sinusoidal functions of the 
Figure 2. One of the rings that make up the mov-
ing shapes of the image. Lines connecting the ver-
tices have been made visible to show how a ring is 
made from a triangle strip joined at both ends. 
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2. CYBERNETICS AND ENVIRONMEN-
TAL INTERACTION 
Cybernetics is the science and study of systems and in 
particular how information flows between man, machine 
and environment in a matrix of feedback loops that may 
form emergent behaviours. While both composers have 
explicitly cited cybernetics as an influence on their work 
(Eno in [1], Di Scipio in [3]). They have also made ex-
plicit other composers who have utilised cybernetic tech-
niques that have influenced their compositional process. 
Of particular interest to this paper, both composers build 
on compositional ideas espoused by Xenakis (Eno in [1], 
Di Scipio in [2] and [3]). 
In 1963 Xenakis attempted to ‘generalize the study of 
musical composition with the aid of stochastics’ [4]. To 
this end he utilized the methodology found in W. Ross 
Ashby’s 1956 book, Introduction to Cybernetics [5]. 
From this extrapolation of Ashby’s work Xenakis further 
postulated that ‘second order sonorities’ would emerge 
from the interactions of sonic grains: the idea that the 
interactions of grains over time in the compositional pro-
cess, at a ‘micro level’, would form timbres and composi-
tional gestures at the ‘macro level’ (i.e. the grains, when 
combined in a certain way, would exhibit emergent be-
haviours). Xenakis first implemented his granular com-
positional technique in Analogique A (1958) for string 
ensemble and Analogique B (1958–59) for tape. Although 
both Eno and Di Scipio have criticised Xenakis’ approach 
(Eno in [1], Di Scipio in [2]), the idea that emergent (mu-
sical) behaviour can arise from composed interactions 
underpins both composers’ working methods. 
At root both Eno and Di Scipio share the desire to cre-
ate autonomous musical systems that are modelled on the 
way in which living systems generate complexity and that 
are also able to display emergent behaviour. Both com-
posers reject the linear design ontology of the majority of 
interactive computer music systems in favour of ecosys-
temic systems design; a constructivist ethos in which the 
design of interactions of a system’s components, prior to 
performance, takes precedence over a macro musical de-
sign, shaped by a composer in realtime during a perfor-
mance. Di Scipio notes that, ‘[t]his is a substantial move 
from interactive music composing to composing musical 
interactions, and perhaps more precisely it should be de-
scribed as a shift from creating wanted sounds via inter-
active means, towards creating wanted interactions hav-
ing audible traces. In the latter case, one designs, imple-
ments and maintains a network of connected components 
whose emergent behaviour in sound one calls music’ [3]. 
Eno first encountered cybernetics as an art student in 
Ipswich in the early 1960’s under the tutelage of the 
telematic artist and cybernetics enthusiast Roy Ascott. 
Eno later read the cybernetician Stafford Beer’s book 
Brain of the Firm (1972), from which he has extensively 
quoted and used as a justification for his compositional 
approach [6].  Eno States that: ‘the phrase that probably 
crystallised it most  [Eno’s cybernetic approach to mu-
sic]…says “instead of specifying in full detail; you speci-
fy it only somewhat, you then ride on the dynamics of the 
system in the direction you want it to go”. That really 
became my idea of working method’ [1]. Thus we may 
see a preoccupation with systemic deign in composition; 
one which is reliant on the setting of some initial parame-
ters but equally relies on a medium which provides dy-
namic interaction. Pickering notes that, ‘such systems can 
thematize for us and stage an ontology of becoming, 
which is what Eno’s notion of riding the systems dynam-
ics implies’ [6].  Eno observes that this type of system 
generates ‘a huge amount of material and experience 
from a very simple starting point’ [7], further emphasis-
ing the cybernetic tropes of becoming and emergence. 
Eno’s generative music systems have been realised by a 
number of different technological means, including the 
VCS3 synthesiser, analogue tape manipulation and the 
KOAN generative music software. The method emulated 
in this composition takes inspiration from Eno’s tape 
based composition 1/2, from the album Music for Air-
ports (1978). The design of 1/2 consists of individual 
vocal sounds (wordless “aaahhs” in the key of F Minor) 
recorded onto separate lengths of tape between fifty and 
seventy feet long [8]. To facilitate these long loops, the 
tape was spooled around metallic studio chair legs. Eno 
then recorded these non-contiguous loops back onto the 
multitrack tape: ‘I just set all these loops running and let 
them configure in whichever way they wanted to.’ [9] 
The complexity of the piece arises from the five-second 
vocal recordings, recorded on to tape loops of differing 
lengths, at times coalescing to form chords and shifting 
melodies and at other times leaving silence or only indi-
vidual notes. The aesthetic effect is of a rather sparse 
angelic choir but producing a texture that is pre-
determined but not predictable. There is no meter or pulse 
but the notes appear to interact in a knowing and predes-
tined way; the structure seems designed but at the same 
time beguiling. 
The aesthetic effect of this piece demonstrates Eno’s 
preoccupation with what Nyman called the ‘cult of the 
beautiful’ [10], but it also sees him engaging in the ‘new 
determinacy’ [10] techniques employed by his contempo-
rary, English experimental composers, such as Gavin 
Bryars and Cornelius Cardew. However, Eno’s version of 
the new determinacy is a strictly technological one, in 
which the timing and tone of the piece is mitigated by 
technological means. This is also a probabilistic process, 
but specifically designed to produce a class of goals. It is 
also noteworthy that the environment is active in the 
technological process. This is seen in the long tape loops, 
which are passed out from the tape recorder and spooled 
around objects such as metallic microphone stands and 
chair legs, the friction of which will alter the timing of 
each loop in a slightly unpredictable way. 
Di Scipio’s design ethos is one that encompasses the 
environment in the man/machine interaction, and thus 
embraces a tenet that is central to the cybernetic ontolo-
gy. In fact he makes his cybernetic approach explicit 
when discussing interactive computer music: ‘I try to 
answer (the question of interactivity) by adopting a sys-
tem-theory view, more precisely a radical constructivistic 
view (von Glasersfeld 1999, Riegler 2000) as found in 
the cybernetics of living systems (Maturana and Varela 
1980) as well as social systems and ecosystems (Morin 
1977)’ [3] With this paradigm in mind, Di Scipio ap-
proaches the question of interactivity from an ecological 
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viewpoint: ‘The very process of interaction is today rare-
ly understood and implemented for what it seems to be in 
living organisms (either human or not, e.g. animal or so-
cial), namely as a by-product of lower level interdepend-
encies among system components. In a different ap-
proach, a principal aim would be to create a dynamical 
system exhibiting an adaptive behaviour to the surround-
ing external conditions, and capable to interfere with the 
external conditions themselves [sic]’ [3]. 
He further states that the system should be capable of 
being a ‘self observing system’ (independent from an 
agent/performer), one that is capable of tracking what 
happens both externally and internally and making ad-
justments accordingly. He sights Gordon Mumma’s 
Hornpipe (1967) as a pioneering example of such a sys-
tem [3]. Here, interaction is no longer agent acts, com-
puter re-acts, as in the linear model; instead it becomes a 
fundamental structural element from which a system may 
emerge. The flow of energy in the system is no longer 
one way (i.e. from the composer in real time); energy 
may be derived from the environment and a composition 
may be self-sustaining, with little real-time input from a 
composer/performer. It becomes obvious that in such a 
system the design of the interactions between all the 
components are fundamental to the construction of the 
composition; without a considered, eco-systemic design, 
interactions will simply not occur. He states, ‘I think that 
these interrelationships (between elements of a system) 
may, instead, be the object of design, and hence worked 
out creatively as a substantial part of the compositional 
process’ [3].  
Di Scipio is keen to assert that the vast majority of in-
teractive computer music conforms to the afore-
mentioned linear model and as such the eco-systemic, 
cybernetic approach reflects a “paradigm shift” in com-
positional approach [3]. 
3. SYSTEM IMPLEMENTATION  
The emulation of Eno’s tape-based system is achieved 
using the Ableton Live software. Loops of tape are sub-
stituted with non-contiguous loops of audio samples, 
which, when played simultaneously, never repeat the 
same sequence twice. Thus a complex, laminar and 
ephemeral compositional emerges. The sound materials 
that make up these loops reflect the aesthetics of the visu-
als. It must be stressed that in terms of this paper the re-
sultant musical structures, while they may be considered 
aesthetically pleasing, are of secondary importance to the 
generative process through which they were constructed 
and how these are resultant of, and interact with, the envi-
ronment and the visual material.  
The shifting geometrical shapes in the visual material 
are made from two “rings”, each constructed out of a 
triangle strip, joined together end to end. Figure 2 shows 
how the structure of one ring is made up with the shading 
removed and the lines of each triangle made visible. Al-
ternate vertices of each ring’s triangle strip define a 
closed loop and so the whole shape can be described by 
three loops, two at either end and a loop common to both 
rings at the shape’s centre where the rings join. The 
shape, as seen in the animation, is shown in figure 3. 
A closed loop such as a circle or ellipse is defined by a 
two-dimensional sinusoidal equation. Therefore, the ani-
mation of each of the loops can be achieved through 
modulation of the amplitudes and frequencies of their 
sinusoidal components. In figure 2 it can be seen that 
these equations determine the location of vertices in the y 
and z planes, but in addition a third sine wave component 
is used to vary the x positions of the vertices and thus 
modulate the “width” of the ring. In this work, these am-
plitudes and frequencies are themselves modulated by 
sine waves of fixed amplitudes but whose phase is incre-
mented by pixel values from the image data obtained 
from the camera. Through this process, arbitrary motions 
can be created in response to the environment but within 
limits set by the creators of the work. 
Complex motions can therefore be achieved with fairly 
simple mathematical processes similar to AM and FM 
synthesis processes familiar to the computer sound de-
signer. Thus, although the basic shape is very simple, the 
layers of modulation processes on the shapes structure 
create complex bio-mimetic movement giving the visual 
effect of a highly-abstracted sea creature. However, the 
point of interest here is that this bio-mimesis arose, not 
from a ‘top-down’ design that seeks to emulate the totali-
ty of complex movements, but from the set up of multiple 
modulations whose unpredictable interactions generate 
patterns that can be seen as an emulation of the motion of 
a living organism. As a result of this mimesis, sound 
samples that have a direct correlation to water are used 
which reflect the emergent properties of the animation. 
Further generative interactions were designed and in-
spired by Di Scipio’s compositional method. Di Scipio’s 
design ethos has been adhered to in the creation of this 
piece via the interactions between the environmental in-
put of the camera source and the musical and visual soft-
ware. A grid of twelve discrete point sources is derived 
from the incoming image produced by the camera and 
changes in light intensity of these sources indirectly trig-
ger individual sample loops to play or stop. Intensity val-
ues increment the phase of sinusoidal functions of the 
Figure 2. One of the rings that make up the mov-
ing shapes of the image. Lines connecting the ver-
tices have been made visible to show how a ring is 
made from a triangle strip joined at both ends. 
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visual material, which outputs “play” or “stop” messages 
to individual sequencer tracks once threshold values are 
crossed. In this way, the twelve light point sources are 
mapped to thirty sample loops to create a matrix of non-
linear triggering possibilities. Thus, the rate of change of 
individual sonic and visual components within the instal-
lation are constantly changing in response to light condi-
tions in the surroundings as read by the camera. The 
speed of one loop of the visual material also determines 
the tempo of the sequencing software so that a higher 
speed will generate more triggering opportunities. Many 
of the samples are also subject to real-time digital signal 
processing techniques which are controlled by automated 
control envelopes. The speed at which the envelopes 
move through their control cycle is determined by the 
tempo and thus changes with alterations in overall light 
intensity. Thus, through these structured interactions an 
autonomous autopoietic musical and visual system is 
achieved. 
4. CONCLUSIONS 
Although it is recognized that this installation is con-
ceived in the digital domain, the title Oscilloscope—
referring to a form of analogue computer display, was 
chosen to reflect the critique of common assumptions of 
digital technology that this work represents. The pro-
cessing of discrete bits of information facilitates linear 
mapping formulae where a single input value produces a 
related output value. With such an approach, there is a 
tendency to produce complexity through accretion; either 
the accumulation of more inputs and outputs or the linear 
chaining of mappings between a single input or output. 
With this work, the aim was to avoid such linearity be-
tween the visual input data and the resulting material 
through the designing of low-level interactions between 
simple materials. The sounds and visuals of the piece are 
therefore not a mere sonification or visualization of input 
data but the result of processes driven by that data. 
It is important to state that the system’s interactions are 
only indirectly implemented, as Di Scipio puts it, interac-
tions are the ‘by-product of carefully planned-out inter-
dependencies among system components, [which] would 
allow in their turn to establish the overall system dynam-
ics, upon contact with the external conditions’ [3]. He 
also believes that this type of construction is akin to the 
mapping in living organisms that allows emergent behav-
iour to occur. The further coupling to the Eno system to 
Di Scipio’s increases the complexity of the interactions 
and further enhances the possibility of emergent musical 
behaviour. 
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Figure 3. The complete shape (with connecting 
lines removed and shading added) made up of two 
rings. 
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ABSTRACT
A method of generating musical waveforms based on poly-
gon traversal is introduced, which relies on sampling a
variable polygon in polar space with a rotating phasor.
Due to the steady angular velocity of the phasor, the gen-
erated waveform automatically exhibits constant pitch and
complexly shaped amplitudes. The order and phase of the
polygon can be freely adjusted in real-time, allowing for a
wide range of harmonically rich timbres with modulation
frequencies up to the FM range.
1. INTRODUCTION
Connections between geometric shapes and properties of
associated sounds has long been an appealing field of inter-
est for engineers and artists alike, ranging from the strictly
physical visualizations of Chladni [1] to the text-based de-
scriptions of Spectromorphology [2]. Highly complex pat-
terns emerge from seemingly simply ideas and formula-
tions, such as Lissajous figures [3] or phase space repre-
sentations [4]. The relation between visual patterns, mo-
tion and sound has been both an inspiration and expression
for decades [5, 6].
Vieira-Barbosa produced some excellent animations of
polygonal wave generators [7]. While only working with
integer order polygons, he also animated the concept of
polygon phase modulation and produced interactive soni-
fications of the resulting waveforms.
Chapman extended this idea to arbitrary orders, but in-
stead of sampling with a phasor into the time domain he
uses direct geometric projection, resulting in sharp angular
waveforms [8]. He also introduced a more rigid mathe-
matical framework and uses the Schla¨fli symbol {p, q} to
denote the geometric properties of regular polygons as a
ratio of integer values p and q [9].
Sampath provides a standalone application which allows
the user to design a large set of waveforms from geomet-
ric generators [10]. Among others, these include Bezier
curves, spirals, n-gons, fractals and Lissajous curves.
In the less graphical oriented domain, digital waveshap-
ing synthesis by Le Brun might produce the most similar
results to the synthesis method proposed here [11].
Copyright: c©2016 Christoph Hohnerlein et al. This is an open-access
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2. SYNTHESIS METHOD
Figure 1: Example of a polygon which requires more than
one cycle for a closed shape (n = 3.33, T = 0.2).
Polygonal waveform synthesis is based on sampling a
closed-form polygon P of amplitude p with a rotating pha-
sor ejφ. The fundamental pitch of the generated wave-
form is based on the angular velocity of the phase φ(t) =
2pift = ωt with sampling time t and fundamental fre-
quency f . The polygonal expression P (φ, n, T,Φ) simul-
taneously draws the polygon in the complex plane and gen-
erates the waveform when projected into the time-domain,
as shown in Fig. 2.
2.1 Polygon
To create the polygon P , a corresponding order-dependent
amplitude p(φ, n, T ) is generated:
p(φ, n, T ) =
cos
(
pi
n
)
cos
[
2pi
n ·mod
(
φn
2pi , 1
)
− pin + T
] , (1)
with the angle φ(t), order of the polygon n and a parame-
ter T for offsetting the vertices, descriptively called teeth,
adapted from [12].
Non-integer rational values of the order n require multi-
ple cycles c of the phasor to yield a closed shape as de-
picted in Fig. 1. The number of cycles depends on the
smallest common multiple between the decimal digits of
the order and 1.
In Schla¨fli notation {a, b}, the rotations c corresponds to
the second integer a. All polygons of the Schla¨fli symbol
{a, b} where a > 2b may be produced. Then, the order is
simply
n =
a
b
. (2)
Furthermore, non-integer order polygons don’t necessarily
need to close to avoid discontinuities, only the projection
does. Figure 3 shows this for the bottom three waveforms.
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